Dilution experiments were performed during two transects across
The central equatorial Pacific is one of the high nutrient, low chlorophyll (HNLC) regions of the world's oceans that is characterized by consistently high near-surface concentrations of macronutrients, low phytoplankton pigment biomass, and the dominance of small species of primary and secondary producers. After several decades of discussion and a decade of intensive observational and experimental study, there appears to be a growing consensus that the bulk system properties of the HNLC regions are best explained by the complementary interactions of micronutrient limitation and zooplankton grazing (e.g. Chavez et al. 1991; Frost 1991; Price et al. 1994) . Other than the results of bottle "grow-out" experiments and mesoscale enrichments, however, little is known about the dynamics of component pop-ulations and specifically how they are affected by micronutrients, grazers, and natural environmental variability. As a step toward obtaining a broader understanding of the plankton community of the equatorial Pacific, we conducted systematic experimental studies as part of the U.S. JGOFS EqPac program to investigate the effects of depth (incubation light level), nutrient addition, and environmental state (El Nifio vs. normal upwelling conditions) on the growth and mortality of phytoplankton. We here present the results of these experiments for different groups of phytoplankton, quantified by group-specific pigment markers.
Materials and methods
Experimental design-The present study is based on experiments conducted between 3"N and 3"s along 14O"W during U.S. JGOFS EqPac cruises TTO07 and TTOll Murray et al. 1994 Murray et al. , 1995 . TT007 was a survey cruise during the first period of 1992 (February-March). It coincided with ENS0 (El Nifio-Southern Oscillation) conditions in which a thick (60-loo-m-deep) layer of warm surface water and a depressed equatorial undercurrent reduced the rate of upwelling of macro-and micronutrients into the euphotic zone. Prior to TTOll (August-September 1992) , the system returned to climatological mean conditions and strong upwelling. During this second cruise, the passage of a tropical instability wave resulted in a spectacular accumulation of the diatom Rhizosolenia castracanei in surface waters at 2"N (Yoder et al. 1994) .
Rate estimates for phytoplankton growth and microzoo-plankton grazing were determined by the seawater dilution method (Landry and Hassett 1982) , as modified in Landry et al. (1995a,b) . Three experiments were conducted on the first day at each station (3"N, 2"N, l"N, equator, 1'S, 2'S, 3'S) by using water collected in the depth ranges of lo-20 m (30-50% incident light), 40-50 m (8-14% I,), and 70-80 m (1% I,) with Go-F10 bottles mounted on a trace-metalfree rossette. Often a fourth experiment was conducted on the second day on station to replicate the results at one of the standard depths. The experimental setup consisted of two replicates of four dilutions of seawater (25, 50, 75 , and 100%) with added nutrients (0.5 PM NH,Cl, 0.03 PM H,PO, 1 nM FeSO,, and 0.1 nM MnSO,) . Two replicates of undiluted samples were also prepared without added nutrients. The water was not prescreened before filling the 2.7-liter polycarbonate bottles used for the incubations. Temperature and light conditions at the sampling depths were simulated on deck with a cooling system (+ 1°C) and blue Plexiglas incubators. Incubations began in the late evening and lasted for 24 h.
Pigment analyses-Pigment analyses were based on triplicate initial samples for each experiment and individual final samples from each incubated bottle (replicated treatment). For each analysis, water samples of 2.05 liters were filtered onto Whatman 25 mm GF/F filters, immediately frozen in liquid nitrogen, and stored at -80°C until analysis. Filters were placed in 3 ml of 100% acetone (with 50 ,wl of canthaxanthin added as an internal standard), sonicated, and stored for 24 h at 0°C for pigment extraction. Samples of 200 ~1 of a mixture of 0.3 ml H,O plus 1.0 ml extract were injected onto a Varian 5000 high-performance liquid chromatography (HPLC) system equipped with a Varian autosampler, a Timberline column heater (26"C), and Spherisorb 5 pm ODS2 analytical (250 X 4.6-mm) and guard (50 X 4.6-mm) columns.
Pigments were detected with a ThermoSeparation UV2000 detector (436 and 450 nm) and a ThermoSeparation FL2000 detector (A,,: 410 + 40 nm, A,,: 600-800 nm; Omega Optical custom-made filters). Separations were performed with a ternary solvent system: eluent A (methanol: 0.5 M ammonium acetate 80: 20), eluent B (acetonitrile : water 85 : 15), and eluent C (ethyl acetate). The linear gradient used for pigment separation was a modified version of the Wright et al. (1991) method: 0': 100% A; 2': 100% B; 2.6': 90% B/10% C; 12.6': 65% B/35% C; 18.0': 31% B/69% C; 28': 31% B/69% C; 30': 100% B. All solvents were HPLC grade (Fisher). The eluent flow rate was held constant at 1 ml min-'. Purified standards were used to quantify pigment concentrations (see Latasa et al. 1996) . Divinyl chlorophyll a (DVChl a) was purified from mutant corn leaves (seeds provided by R. Goericke). Peak identifications were made by comparing the retention times of eluting peaks with those of pure standards and by the absorbance and fluorescence spectra of peaks scanned during the chromatographic run. The system could not separate monovinyl chlorophyll a (MVChl a) and DVChl a chromatographically. We quantified these pigments by monitoring the absorbance at two wavelengths simultaneously (436 and 450 nm) and employing the dichromatic equations given by Latasa et al. (1996) . Table 1 shows the pigments used as markers for distinguishing phytoplankton groups.
Data analyses -The contributions of prymnesiophytes, pelagophytes, diatoms, and prochlorophytes to total chlorophyll a (TChl a) were calculated with algorithms detailed in Letelier et al. (1993) , as modified by Bidigare and Ondrusek (1996) . Growth and mortality rates of the different phytoplankton groups were considered equivalent to synthesis and destruction rates of individual pigment markers (Table 1) . Net synthesis rates were calculated in each bottle as k, = l/t(dC/dt), where C is the concentration of pigment. For TChl a, C is the sum of MVChl a plus DVChl a. Net synthesis in the dilution treatments with added nutrients were used to estimate the instantaneous rates of pigment synthesis (p,, = phytoplankton growth with added nutrients) and destruction (m = phytoplankton mortality due to microzooplankton grazing) from the regression of net synthesis rate (k,) against dilution (D), k. = P,~ -m X D. The rate of pigment synthesis without added nutrients (& was calculated as p0 = m + b, where km is the net synthesis rate in the undiluted seawater samples incubated without nutrient additions. Unless specilfically qualified as being with added nutrients, the term pigment synthesis rate refers to the rate estimated without added nutrients (p,,) .
Pigment concentrations, synthesis rates, and destruction rates were averaged over all experiments conducted within the three depth ranges: 10 experiments for TT007 and 8 for TTOll at lo-20 m; 5 for TT007 and 7 for TTOll at 40-50 m; and 5 for TTO07 and 7 for TTOll at 80 m. For TT007, only eight of the experiments at lo-20 m and four for each of the other depths provided data for both MVChl a and DVChl a; the others were analyzed by the method of Bidigare et al. (1989) , which does not separate these two pigments.
Results
Pigment concentrations-Pigment distributions for the EqPac survey cruises have been extensively described and discussed by Bidigare and Ondrusek (1996) . We outline only the most important trends to provide a framework for our study. Concentrations of MVChl a and DVChl a measured by the dichromatic approach showed good agreement with those measured by normal-phase HPLC (Bidigare and Ondrusek 19196) . DVChl a from prochlorophytes accounted for 50 and 30% of TChl a during TT007 and TTOl 1, respec- Depth (m) Fig. 1 . Contribution of chlorophyll a by different phytoplankton groups as calculated via a pigment algorithm . Eucaryotic chlorophyll a represents the sum of chlorophyll a from prymnesiophytes, pelagophytes, and diatoms. Note that for the procaryotes, the concentration of zeaxanthin is given instead of chlorophyll a. TTO07 was the February-March cruise corresponding to El NiAo conditions. Error bars represent the standard error (SE).
tively, which would have resulted in significant overestimation of TChl a concentration if standard HPLC methods had been employed (Latasa et al. 1996) .
TChl a concentration increased by about 40% between TT007 (El Nifio) and TTOl 1 (normal upwelling), whereas DVChl a and zeaxanthin (ZEAX) remained relatively constant (Fig. 1) . ZEAX is assumed to be due to phototrophic bacteria (Prochlorococcus and Synechococcus) because concentrations of markers for ZEAX-containing chlorophytes (lutein) and prasinophytes (prasinoxanthin) were near or below the level of HPLC detection (see also Bidigare and Ondrusek 1996) . From the pigment algorithm, the combined Chl a associated with prochlorophytes and prymnesiophytes did not change between cruises (P > O.OS), but fell from 80% of TChl a during TT007 to <60% during TTOl 1, as other algal groups became relatively more important. In particular, the Chl a associated with diatoms and pelagophytes increased significantly (P < 0.05), although these groups continued to be minor components of the phytoplankton community in terms of their contribution to total pigment biomass. Peridinin, the characteristic pigment of photosynthetic dinoflagellates, was below the level of HPLC detection in our samples. The peak coeluting with our peridinin standard was scanned, and its absorption properties resembled those of fucoxanthin.
Synthesis rates-Pigment synthesis rates (& showed important differences among phytoplankton groups and between cruises and depths ( The overall effects of time and depth on growth rate are presented by means of a two-way ANOVA analysis (SYS-TAT, statistical software package) in Table 2 . Synthesis rates of 19'-butanoyloxyfucoxanthin (19'BUT) and fucoxanthin (FUCO) were mostly influenced by depth (light level). On the other hand, most of the variability in the synthesis rates of DVChl a and 19'-hexanoyloxyfucoxanthin (19'HEX) was temporal. In contrast to DVChl a, changes in ZEAX syn'thesis were unaffected by the time of the year, although the P value was very close to the chosen 5% probability level for an cy-error. Several lines of evidence suggest that betweencruise comparisons of DVChl a and ZEAX synthesis rates are confounded by photoadaptation during TT007 (see below). Synthesis of TChl a was affected by both depth and time of the year, reflecting differences in the responses of the various components of the phytoplankton community.
The temporal effect was removed to reveal more information on the causes of the depth-related variability in synthesis rates using ANOVA and Tukey pairwise comparisons (SYSTAT). Only FUCO synthesis was sensitive to depth during TT007 because growth at 70-80 m was statistically lower than that in the upper water column. During TTOl 1, however, DVChl a and ZEAX were the only pigments that did not show changes in synthesis rates with depth. For 19'HEX, 19'BUT, and TChl a, pairwise comparisons showed that the main differences were the significantly lower synthesis rates at 80 m. FUCO showed decreased synthesis rates for every decrease in incubation light level (depth).
The effects of nutrient additions on synthesis rates were examined during both cruises. At lo-20 m, the rates were similar in bottles with (p,,) and without nutrients (h) ( Table  3 ). Exceptions to these trends included the synthesis rates of 19'HEX, which increased 25% with added nutrients during TT007, and the synthesis rates of DVChl a and ZEAX, which decreased 19 and 13%, respectively, with added nutrients during TTOl 1. For TT007, synthesis rates at 40-50 m were clearly affected by nutrient treatments, with TChl a synthesis increasing by 60% with added nutrients. The pigment synthesis rates most affected by nutrient additions were 19'HEX, ZEAX, and DVChl a, whereas 19'BUT and FUCO synthesis rates were least influenced. During TTOl 1, only DVChl a was synthesized noticeably faster when nutrients were added (17% increase). There was not a large increase in synthesis rates at 70-80 m with added nutrients, except for 19'HEX during the TT.007 and DVChl a during the TTOll (45 and 12% increases, respectively). The difference in pigment synthesis rates (pJ between cruises was larger than the nutrient stimulation effect observed for TT007 (Table 4) . For most pigments, the estimated synthesis rates with added nutrients (p,,) during El Nifio conditions were less than the estimated rates without added nutrients (p,J during normal upwelling. Nonetheless, the relative responses of the different pigments between cruises showed similar patterns to those observed when nutrients were added. The largest increases in synthesis rates were at 40-50 m, with TChl a, ZEAX, 19'HEX, and 19'BUT being synthesized 2.5, 4.3, 3.0, and 1.6 times faster during the upwelling cruise. At lo-20 m the changes in synthesis rates between cruises were still appreciable but smaller than at 40-50 m. Changes were minor in the 70-80-m depth range.
Destruction rates-Pigment destruction rates due to microzooplankton grazing did not show consistent trends in relation to depth or cruise (Fig. 3) . Although there were no significant differences in pigment destruction rates with depth during TT007, all pigments, except FUCO, showed depth dependence in destruction rates for TTO 11. The pattern in pigment destruction was slightly different from that of synthesis, however, because the rates decreased gradually with depth, leaving only the upper and the bottom layers statisticallly different (Tukey pairwise comparisons). Synthe- sis (p,,) and destruction rates were significantly related (P C 0.01) when results of all experiments were combined for the four pigments (19'HEX, DVChl a, 19'BUT, and FUCO; n = 164). Although growth rate only explained 13% of the grazing variance in the combined data set, the relationships were tighter when the rate estimates were regressed for each of the four pigments separately (n = 38-42) (Fig. 4) . For 19'HEX, DVChl a, 19'BUT, and FUCO, the coefficients of determination (r*) were 0.21, 0.28, 0.25, and 0.19, and the slopes were 1.24, 0.93, 0.89, and 0.44, respectively (model 2 linear regression). Microzooplankton grazers responded differently to the different phytoplankton groups and were clearly less able to keep pace with increasing growth rates of diatoms, relative to other groups.
Net synthesis rates -In previous studies in which HPLC analysis has been combined with dilution experiments to estimate taxon-specific growth and grazing rates of phytoplankton, Burkill et al. (1987) found a linear relationship between growth and mortality, whereas Strom and Welschmeyer (1991) found a 1 : 1 relationship for the smaller phytoplankton and a consistently higher ratio (excess growth) for larger forms (diatoms and dinoflagellates). Our results follow the latter trend (Fig. 4) . For most of the smaller forms, including prokaryotes (DVChl a and ZEAX) in the upper 50 m of the water column, and pelagophytes (19'BUT) and prymnesiophytes (19'HEX) in the mideuphotic zone, the higher growth rates during TTOl 1 were offset by higher rates of grazing mortality compared to El Nifio cruise (Figs. 4, 5) . Averaged for all depths and both cruises, microzooplankton consumed about 69% of the phytoplankton production implied by rates of TChl a synthesis (Table 5 ). Grazing accounted for 83% of phytoplankton growth during El Nifio and 59% during normal upwelling. The uncoupling between growth and grazing occurred mostly for diatoms and pelagophytes, in the upper 50 m (Fig. 5) , and these groups accounted for most of the increased net growth of the phytoplankton community (TChl a) during TTOl 1.
Discussion
The use of taxon-specific pigment markers is a powerful approach for estimating growth and mortality rates of different phytoplankton groups from dilution experiments (Burkill et al. 1987; Strom and Welschmeyer 1991; Welschmeyer et al. 1991) . One possible problem, however, is the response of the pigments to changing light levels. We expected that photoadaptative effects would average out in our study because we ran many experiments over several days of differing light conditions. This hypothesis can be tested by comparing the response rates of photoprotective vs. photosyn- thetic pigments assuming that the different functions of these pigments will lead to opposite responses to light variations. Thus, comparable estimates for synthesis rates of photoprotective and photosynthetic pigments should indicate that the incubation light levels were comparable to those existing in the water column.
Given the relatively low abundances of Synechococcus spp. (Binder et al. 1996) , the contribution of cyanobacteria to bulk MVChl a was negligible. Consequently, MVChl a derived mostly from prymnesiophytes and pelagophytes, which both contain the photoprotective xanthophyll pigment diadinoxanthin. The generally similar rates of synthesis for MVChl a and diadinoxanthin (Fig. 2) indicate that the incubation irradiances did not introduce growth rate artifacts for the MVChl a-containing groups. However, the higher synthesis rate of diadinoxanthin at 80 m during TTOl 1 suggests that the samples received somewhat higher n-radiances on average during incubations than they experienced in situ. Because phytoplankton should be light limited at 80 m, the actual growth rates for these algae should therefore be a little lower than the experimental estimates.
We can also use DVChl a and the photoprotective pigment ZEAX in a similar manner to test the incubation light levels for Prochlorococcus spp. only if Synechococcus, the other ZEAX-containing organism present during our cruises, do not make a significant contribution to the ZEAX pool. Multiplying cell densities (Landry et al. 1996) and ZEAX contents for Synechococcus and Prochlorococcus (Chisholm et al. 1988 ; Kana et al. 1988 ), the calculated contribution of cyanobacteria to ZEAX concentration was always minor (< 15%) compared to that for Prochlorococcus. During TTOl 1, synthesis rates for DVChl a and ZEAX agreed well, except for experiments with water collected from 70 to 80 m, which showed the same trend observed for diadinoxanthin and MVChl a (i.e. the cells were exposed to higher it-radiances and the growth rates were probably slightly overestimated). Synthesis rates for ZEAX and DVChl a diverged more significantly during TT007, as discussed below in more detail. During TTOl 1, synthesis rates of DVChl a were in excellent agreement with minimum growth rates estimated from cell cycle analysis (Binder et al. 1996) . During TT007, however, growth rates based on pigments were 0.0 and 0.1 d-l, respectively, at lo-20 and 40-50 m as compared to 0.4 and 0.5 d.-' based on cell cycle analysis. Cloudy and bright days alternated during TT007; thus, it is possible that prochlorophytes, which are very sensitive to high irradiances, could no'r recover from these strong fluctuations and bleached out during incubation. This photobleaching process should not have affected our estimated rates of microzooplankton ,grazing. In fact, net synthesis of DVChl a was much closer to the expected value of zero for TTO07 (0.04 and 0.17 cl-l at lo-20 and 40-50 m) when dilution estimates of grazing rates were balanced against growth rates estimated from cell cycle analyses. Because of the important contribution of DVChl a to TChl a, we reestimated the TChl a synthesis rates substituting cell cycle-derived growth rates for prochlorophytes in the equation:
where Co,,, and Co,, are the initial concentrations of MVChl a and DVChl a, respectively, hv is the synthesis rates of MVChl a from dilution experiments, and hv is the growth rate of prochlorophytes from cell-cycle studies (Binder et al. 1996) . According to these calculations, incubation conditions may have caused TChl a synthesis rates to be underestimated by 16 and 27% at lo-20 and 40-50 m. For the integrated water column to 80 m, TChl a synthesis for TT007 was underestimated by -15% (Table 5) .
One significant finding of the present study is the depression of growth rates for almost all phytoplankton groups during El NiHo conditions. Because mean light intensity was essentially the same and macronutrients were high during both cruises (Murray et al. 1995) , it is tempting to invoke micronutrient (e.g. iron) limitation as the regulating mechanism, as suggested from previous bottle-enrichment experiments and mesoscale iron fertilization studies in the equatorial Pacific (e.g. Kolber et al. 1994; Martin et al. 1994; Price et al. 1994) . Although the addition of mixed nutrients (including iron) to our incubation bottles did stimulate phytoplankton growth, the present experiments do not allow us to identify the growth-limiting factor that caused the response. It is clear, however, that the magnitude of the stimulation effect was not as great as the difference between growth estimates from El Nifio and upwelling conditions (Table 4 ). There are several potential explanations for this result. First, a limiting micronutrient different from iron and manganese could have been missing from our enriched bottles. In this regard, both Zn and Co have been cited as potential growth-limiting elements for species/groups of phytoplankton (Sunda and Huntsman 1995) . Second, the more deficient phytoplankton cells during El Nifio conditions might have needed more than 24 h to achieve their optimal growth rates after nutrient addition.
The third possibility is that the higher growth rates during TTOl 1 could reflect within-group changes to species with higher intrinsic growth rates. Differences in the intrinsic growth rates among phytoplankton groups are well documented from laboratory and natural studies (Chan 1978; Furnas 1990; Strom and Welschmeyer 1991) . However, differences within groups are less well studied. Nonetheless, Sakshaug et al. (1987) and Sunda et al. (1991) have shown striking differences in photosynthesis performance and nutrient uptake kinetics between diatom species. Accordingly, changes in species composition could explain the higher growth rates of pelagophytes and prymnesiophytes during upwelling conditions. If so, this would be the first evidence of the effect of mesoscale processes (El Nifio) on the growth rates of these groups, which are among the least studied of the marine phytoplankton.
As previously noted by Furnas (1990) for several marine systems and Strom and Welschmeyer (1991) for the subarctic Pacific, we found a much higher growth rate for diatoms than for any other phytoplankton group. Diatoms clearly increased in total and relative abundance during upwelling conditions, but in contrast with pelagophytes and prymnesiophytes, their growth rate did not change significantly between cruises. In addition, the floristic composition for diatom species in the microplankton size range also remained similar between cruises (Iriarte and Fryxell 1995) . In the equatorial Pacific, mesoscale iron fertilization has been shown to stimulate a diatom response (Coale et al. unpubl. data; Ondrusek and Bidigare unpubl. data) . Therefore, consistently high rates of diatom growth during both El Nifio and upwelling periods were not expected. Two hypotheses can be offered for the uniform growth rate showed by this group during the present study: diatoms are, in fact, growing at high rates in equatorial waters, or the high rates are the result of a containment or contamination artifact in our experiments.
In assessing the former hypothesis, we should first note that the kinds of diatoms that achieve high abundances and dominate blooms in coastal environments and fertilization experiments may have quite different nutrient requirements than the forms that predominate in the open oceans. Sunda et al. (1991) reported, for example, that the cellular iron requirement of an oceanic diatom was substantially lower than that of a coastal species, allowing it to grow at near maximal rates at concentrations an order of magnitude below those limiting the coastal form. If fast growth is characteristic of equatorial diatoms, however, the processes that prevent them from accumulating in the environment need to be identified. Our results show that diatom losses to microzooplankton grazing are comparable, at best, to those suffered by other phytoplankton groups; thus, the much higher growth rates of diatoms leave a larger net differential relative to the other taxa.
Grazing losses to mesozooplankton, which are not accounted for in our dilution experiments, could remove some of the surplus diatom production. Dam et al. (1995) determined from gut pigment analyses that mesozooplankton grazing averaged 0.9 mg Chl a m-* d-l for the EqPac cruises, with no apparent differences between normal upwelling and El Nifio periods. If diatoms in the upper 60 m of the water column were growing at a net rate of about 1.0 d-l (Fig. 5) , mesozooplankton grazing rates of 0.12 and 0.9 mg Chl a m-* d I would have been required to maintain steadystate concentrations at the diatom densities measured during TTO07 and TTOl 1. Although these rates are comparable to the measured ingestion rates of mesozooplankton, if they fed exclusively on diatoms, it would be surprising if the community of large suspension-feeding animals could clear diatoms from the water as fast as they would have accumulated with such a high net rate of growth.
The other source of diatom mortality not accounted for in the dilution bottle experiments is cell sinking that is likely to be important in the equatorial Pacific because benthic work revealed a thick carpet of diatoms on the sediment (Smith et al. 1996) . We cannot evaluate this source of mortality independent of mesozooplankton grazing because both processes would result in a high export flux of diatom production from the euphotic zone. Nonetheless, we can use measured rates of opal (biogenic silica) flux in EqPac sediment traps as a constraint for assessing the potential importance of these combined removal processes on diatom dynamics.
Time-series data are reported by Honjo et al. (1996) for 13 sediment traps deployed between 5"s and 5"N, 14O"W (trap depths ranging from 880 to 3,800 m) during the EqPac study. The mean rates of opal flux to these traps were 15 mg m-* d-l for the El Nifio period (T"TOO7) and 36 mg m-* d-l for the upwelling period (TTOll). Diatom-based silica synthesis can be estimated from the net synthesis rates of FUCO in the dilution experiments, a Chl a : FUCO ratio of 0.8 from the pigment algorithm , a C : Chl a ratio of 58 for equatorial phytoplankton (Eppley et al. 1992) , and a mean Si: C ratio of 0.30 for diatoms (Brzezinski 1985) . Depth-averaged estimates of net opal production from these calculations were 19.1 mg mm2 d -I for IT007 (El Nifio) and 77.3 mg m-2 d-l for TTOl 1. This analysis ignores the contributions of other silica-accreting organisms (e.g. radiolarians and silicoflagellates) to biogenic silica fluxes, as well as processes that could lead to silica dissolution in the upper water column. Given these potentially offsetting factors and other uncertainties in the calculations, the relatively close agreement between the fluxes of biogenic silica needed to maintain steady-state concentrations of diatoms in the euphotic zone and the measured fluxes in deep sediment traps is quite good. While this general agreement does not prove that diatom growth rate is as high in nature as measured in our experiments, it does demonstrate that such rates are at least consistent with field observations.
The potential for micronutrient contamination must also be considered when interpreting the results of bottle incubations from HNLC regions. We attempted to maintain tracemetal clean conditions in our experiments, but our protocols provided, in retrospect, many opportunities for random or even systematic contamination (on-deck filling, drawing initial subsamples, and addition of fluorescently labeled bacteria as grazing probes per Landry et al. 1995b ). Thus, it could be that the high diatom growth rates on both cruises, with or without intentional nutrient additions, were not representative of rates in the water column. If diatom growth was, in fact, stimulated to high levels in our bottles, the effect appeared almost instantaneously and may have been reflected more in the pigment content of cells rather than population growth. For example, Geider et al. (1993) reported a spectacular increase in the chlorophyll a and FUCO content per cell 1 d after the addition of iron to an ironstarved diatom (Phaeodactylum tricornutum). The same treatment for a chlorophyte cell (Dunaliella tertiolecta) produced a much smaller pigment response . That pigment responses may differ substantially from cell division rates is a potentially serious problem for interpreting growth rate estimates from dilution experiments based on pigment markers.
In principle, light or nutrient effects on phytoplankton pigments are unlikely to cause large artifacts in the estimates of microzooplankton grazing rates in dilution experiments, as long as the pigment responses are uniform in the dilution treatments. Thus, the rate estimates for microzooplankton grazing can be viewed as setting lower constraints to the rates of growth that would have to be sustained by the phytoplankton groups to maintain steady-state abundances with no additional sources of mortality. The pigment-based estimates of microzooplankton grazing in Fig. 3 are in good agreement with results of a subset of five experiments from TTOl 1 in which specific populations were enumerated by analytical flow cytometry (Landry et al. 1995b) . Four experiments from the upper euphotic zone yielded average grazing mortality rates of 0.78 d-' for Prochlorococcus and 0.82 d -I for Synechococcus, which are entirely consistent with the pigment estimates for prokaryotic populations (DVChl a and ZEAX). The one experiment at 40 m yielded mortality estimates of 0.51 and 0.52 d-l for these two photosynthetic bacteria, which follow the decrease in mortality with depth observed from pigment analyses. In addition, the mean mortality rate for eukaryotic nanoplankton was 0.62 d-l, in good agreement with TTOll pigment estimates for the prymnesiophytes and pelagophytes that dominate numerically in this category.
Two results of our mortality analysis are somewhat surprising with regard to preconceived notions of how the microbial food web should operate in the open oceans. The relatively high rate of grazing mortality on diatoms, exceeding 0.5 d I in the upper euphotic zone for both cruises, was an unexpected result of the present study because diatoms tend to be viewed as too large to be consumed efficiently by small protistan (e.g. Frost 1991; Miller et al. 1991; Cullen 1995) . Nonetheless, the small (2-15 pm) pennate forms that dominate the diatom community in the equatorial Pacific (Chavez et al. 1990 ) may be readily available to at least part of the microzooplankton assemblage. Moreover, the mean size ratio between predators and prey in the microbial food web of this region may be atypically small due to the importance of heterotrophic dinoflagellates, which were 2.5-3 orders of magnitude more numerous than ciliated protozoa and an order of magnitude more important in terms of biomass during the EqPac cruises (Verity et al. 1996) . While many dinoflagellates can feed on smaller prey like cyanobacteria, some are capable of feeding on prey comparable to their own body size and may hunt such prey selectively (Jacobson and Anderson 1992; Strom and Buskey 1993; Hansen et al. 1994) .
If grazing processes in the microbial community were dominatecl by one type or size of consumer, one would expect, from first principles, a monotonic increase in the mortality rate as the prey increased in cell size, until the prey became too large to be handled effectively (e.g. Andersson et al. 1986; Gonzalez et al. 1990; Monger and Landry 1991) . For TTOO'7, we note some evidence of this expected pattern, with relatively low mortality estimates for the smaller prokaryotic taxa (DVChl and ZEAX; < 1 pm; Morel et al. 1993 ), generally higher rates for flagellates of assumed intermediate size (pelagophytes and prymnesiophytes, 2-3 pm; Andersen et al. 1993; Simone et al. 1994) , and somewhat lower rates for the diatoms, at least in the mid to upper euphotic zone. For TTOll, however, mortality rates for the mid and upper euphotic zone tended to be highest for the prokaryotes declining with increasing cell size from small nanoflagellates to diatoms. Although the mortality rates of the total phytoplankton community, measured as TChl a, were comparable between IT007 and TTOl 1 for the lo-20-m depl:h, there was approximately a two-fold increase in mortality Ion prokaryotic cells during TTO 11, in contrast with a decrease in grazing rates on diatoms and prymnesiophytes (Fig. 3) .
The increase in prokaryote mortality parallels a comparable difference in the biomass of heterotrophic flagellates at 15 m during El Niiio (4.9 pg C liter-') and upwelling conditions (11 .O pg C liter-I) reported by Verity et al. (1996) . In addition, the decrease in grazing mortality on the larger phytoplankton is consistent with a lower biomass of heterotrophic dinoflagellates during the upwelling period (1.6 vs. 2.3 pg C liter-l during El Nifio). Thus, intercruise differences in mortality rates of the various phytoplankton populations are likely related to changes in the relative abundances of protistan grazers. Such changes are poorly explored in marine ecosystems and need careful study to understand mortality patterns in the microbial community.
The 1991-1992 El Nifio had a substantial impact on the phytoplankton ecology of the central equatorial Pacific. During El Nina conditions, there was a shift in phytoplankton community structure with lower abundances of diatoms and pelagophytes than during normal upwelling. The growth rates of most phytoplankton groups were also depressed during El Nifio. Although incubations with and without added nutrients showed a slight nutrient stimulation of growth rates during that period, the effect was not enough to explain temporal differences. Therefore, it seems that the hydrographic changes associated with El Nifio resulted in a more profound transformation than a mere increase in nutrient availability; most likely, the species assemblages of phytoplankton groups defined by pigment markers were altered. Microzooplankton grazing was positively correlated with growth rate within each phytoplankton group and was generally sufficient to balance growth of the smaller phytoplankton. However, grazing could not balance the rates of increase of the fastest growing phytoplankton, particularly diatoms and pelagophytes. Enhanced abundances of these two groups during normal upwelling accounted for most of the increase in net chlorophyll synthesis rates relative to El Nifio conditions. A major unresolved issue from this study is whether the growth rates of diatoms are actually as high in the natural environment as they appear to be in dilution incubations. High growth rates are consistent with the high fluxes of biogenic silica measured in EqPac sediment traps. However, extremely careful follow-up studies are needed to eliminate the possibility that they occur as the result of micronutrient contamination in experimental incubations.
